Based on an infrared spectrum in an atlas, and on a Raman spectrum that we acquired ourselves, we have made a frequency assignment for the vibrational modes of tyrosine. This assignment was aided by the results of a GAUSSIAN frequency calculation that we performed at the Hartree-Fock level, using the 3-21G basis set. We have made a vibronic assignment of the bands in a jet-cooled LD-R2PI spectrum that we obtained for tyrosine, using the aforementioned ground-state analysis as a guide. By UV hole burning, we have verified which of the low-frequency R2PI peaks are origins, assigning the others as torsions. We have assigned the various origin bands, with their associated bands to higher energy, to configurations in which the amino acid backbone is either gauche or anti to the ring. C 2002 Elsevier Science (USA)
INTRODUCTION
Tyrosine, one of the building blocks of proteins, is especially important for its role as a precursor to dopamine, a neurotransmitter, which is, in turn, a precursor to the neurotransmitters epinephrine and norepinephrine. With the goal of identifying some of the physical properties that cause these neurotransmitters to exhibit their interesting biological behavior, we have been studying the vibronic spectroscopy of families of structurally related compounds. The spectroscopy of tyrosine has been studied fairly extensively, both in the ground state (1, 2) and for electronic transitions (3) (4) (5) . As far as we can tell, however, no one has yet made a complete assignment for the ground-state vibrations or for the vibronic transitions between the ground and first excited electronic states. Martinez (5) has studied in detail the origin (v = 0 ← v = 0) region of the vibronic spectrum of tyrosine, particularly with an eye toward the possible lowest energy conformations tyrosine may adopt. We have also been studying the question of what the stable conformations are for tyrosine and how this affects its vibronic spectroscopy and that of small peptide chains that contain tyrosine on either end. Of particular interest is the possibility that the carboxyl group in tyrosine, in some conformations, may interact with the π electron system of the benzene ring. In a separate paper (6), we have described our work concerning the conformers of tyrosine, and we have compared the spectra obtained for various tyrosine-containing peptides with each other and with that obtained for tyrosine. In this paper we give a ground-state vibrational assignment for tyrosine, and we present a resonant twophoton ionization (R2PI) spectrum for tyrosine with a vibronic assignment.
THEORY AND METHODS
The goal of this work was to understand the R2PI spectrum of tyrosine, and primarily to make assignments for as many bands as possible. While one would normally expect some differences between the excited-state and ground-state vibrations of a molecule, ground-state vibrational data and assignments can often serve as a useful reference for analyzing the R2PI spectrum. First, selection rules dictate that in general, bands that are intense in the Raman spectrum also appear strongly in the R2PI spectrum. Intense IR bands, if they are not also intense in the Raman, do not, and the vibrations that give rise to them exhibit weak R2PI bands or appear in double quanta. In addition, unless the molecule changes shape significantly upon excitation, in most cases one would expect the molecule to expand slightly, the force field to become correspondingly weaker, and all the vibrational frequencies to decrease slightly. Thus, if used judiciously, IR and Raman data can greatly assist the interpretation of the R2PI spectrum. To this end we analyzed IR and Raman data to obtain a ground-state vibrational assignment. The theory and rationale behind this assignment are discussed in considerable detail elsewhere (7-9), but we note here a few useful points.
Tyrosine is essentially a para-alkylphenol, albeit with a somewhat complicated alkyl chain, whose main structural feature is a benzene ring. One may therefore reasonably expect to observe benzene-like vibrations and, in addition, vibrations arising from the substituent chain and the hydroxyl group. In fact, even when the benzene ring has polyatomic substituents, if they are not too rigidly attached, and if their motions do not couple too strongly to those of the ring, then as far as the ring vibrations are concerned, they may be treated as point masses. In this case, the symmetry of the molecule with respect to the benzene ring may be taken as that which would obtain if the substituents were single atoms (8, 10) . The ring modes of all p-alkylphenols would thus transform according to C 2v symmetry, with the principal symmetry axis running through the two substituted carbon atoms. In fact, and as we will show in this paper for tyrosine, in their vibronic spectra the p-alkylphenols exhibit symmetry that is probably at least as great as C s .
Studies of the infrared spectroscopy of substituted benzenes date back to the early 1930s with the work of Freymann (11), Kohlrausch and Pongratz (12) , Barchewitz (13) and LeComte (14) (15) (16) . Since then, much work has been done concerning both the ground-state and excited-state spectroscopy of benzenes substituted in various ways (7, 8, (17) (18) (19) (20) (21) (22) (23) . The only systematic study of the ground-state spectroscopy of para-substituted phenols, however, appears to be that of Jakobsen and Brewer (24) . Cabana and Sandorfy (20) did study a group of para-substituted phenols, but only with regard to the OH stretching mode. Jakobsen made a complete ground-state assignment for p-cresol and several deuterated p-cresols (25) . This was followed by a normal coordinate analysis for a similar group of compounds by Takeuchi et al. (26) . Green et al. extended Jakobsen's work to the para-halogenated phenols (27) . A ground-state assignment for tyrosine does not appear to be available in the literature, although a partial assignment may be found in the work of Rava and Spiro (1) and that of Takeuchi et al. (2) .
The patterns in the spectra of benzene derivatives that have the same substituent arrangements, as well as the behavior described above regarding polyatomic substituents, allowed Varsànyi to describe in a systematic way the spectroscopy of substituted benzenes (7), and to compile an atlas comprising tables of IR and Raman data, with assignments for 700 benzene derivatives (8) . It also allowed us, using Varsànyi's work as a starting point, to analyze the tyrosine spectrum by analogy with the spectra for several other p-alkylphenols, using data from the literature cited above as well as data that we acquired ourselves.
To provide a further guide for the assignments, we performed ab initio frequency calculations for several p-alkylphenols, including tyrosine. For each molecule we visualized each vibrational mode, and were thus able to arrive at a theoretical assignment. For the work described here, we made the calculation for only one stable conformer of tyrosine. We describe the methods we used to do this in the next section.
EXPERIMENTAL

Ground-State Data and Experiments
As there are no published IR or Raman data for tyrosine, at least for a frequency range that encompasses all its vibrational modes, we used the IR spectrum from the Aldrich Library of Infrared Spectra (28) . We measured the bands in this spectrum, at their maximum intensities, according to the chart grid. With this spectrum, calibrated frequencies are given for the nine most intense bands. For these bands most of the measured values agreed with the calibrated values to within ±2 cm −1 , and none differed by more than ±5 cm −1 . As this spectrum was obtained with a Nujol mull, we removed the bands arising from Nujol itself (29, 30) . We obtained the Raman spectrum in house, from tyrosine powder. The instrument we used has been described in the literature (31) , and we will not describe it here. Nonetheless, we must note several things. The 532-nm output of a doubled Nd : YAG laser provided the excitation. For calibration, we obtained emission spectra of neon and krypton. The wavelength scale was then fit to the neon and krypton lines in the range from 540.06 to 671.7 nm by means of a least-squares curvilinear regression. The calibration covers the range from about 280 cm −1 to about 3909 cm −1
in Raman shift. As may be obvious from the calibration wavelengths, the acquired spectrum comprised the Stokes lines.
The R2PI Experiments
The technique we used to obtain the R2PI spectrum of tyrosine was laser-desorption/jet-cooled resonant two-photon ionization with time-of-flight mass spectrometric detection (LD/R2PI/TOF-MS). The instrument we used to perform this work has been described elsewhere (32) . We therefore note here only a few important technical details.
The sample probe in our instrument is a graphite block that sits approximately 0.5 to 1.5 mm below the nozzle orifice, flush with the plate in which the orifice is drilled. This distance is adjusted for optimum signal at the beginning of each run. The nozzle orifice has a diameter of 1 mm. The desorption laser is a Nd : YAG laser whose output beam is focused to an ∼0.5-mmdiameter spot, with a fluence of ∼1 mJ/cm 2 or less, ∼1 mm downstream from the nozzle and in line with the jet axis. For the experiment reported here, the carrier gas was argon at a pressure of 5 atm. The graphite block is attached to a screw drive that pulls the sample across the jet axis, thus renewing the surface continuously during the run. The sample was prepared by mashing the tyrosine into a fine powder with the graphite block and thus grinding it into a thin layer on the surface of the block.
The mass spectrometer in this experiment is a reflectron instrument made by R. M. Jordan Company.
Ab Initio Calculations
For the frequency calculations, we chose the GAUSSIAN series of molecular orbital programs, and for tyrosine the specific program we used was Gaussian 92 (33) . We used the HartreeFock method with the 3-21G basis set. To perform this calculation we first optimized the geometry of the molecule, after which we did the frequency calculation. For each vibrational mode, along with the frequencies, GAUSSIAN gives the displacements from the equilibrium geometry, along the x-, y-, and z-axes, for each atom. By taking these displacements and adding them to, and subtracting them from, the coordinates in the equilibrium geometry, one can obtain the extremes of the various normal modes. By means of an Excel spreadsheet, we did this, and then we fed the resulting coordinates into a molecular editor program (34) , which allowed us to view both extremes of each normal mode on a computer terminal, and also to print them.
As tyrosine is a disubstituted benzene, we felt it was worthwhile to perform a calculation for benzene itself to be certain how GAUSSIAN represents its normal modes. Once we visualized the benzene modes according to the atom displacements calculated by GAUSSIAN, we could then match directly the corresponding modes in the set visualized for tyrosine. Table 1 lists the bands we observed in the IR and Raman spectra for tyrosine, with our assignments. First, we must make a comment regarding the notation used in the assignments. For the benzene modes we use the Wilson notation (7, 8) . When the benzene ring is substituted, some of the C-H modes become "C-X" modes, where X represents a substituent group. In a para-disubstituted benzene, two C-H stretches become C-X stretches, two in-plane C-H bends become C-X bends, and two out-of-plane C-H bends become C-X bends. One has considerable freedom in choosing which specific benzene modes become C-X modes. The only requirement, aside from frequency considerations, is that one choose pairs of stretches and bends that have opposite phasing for the motions of the substituents. Not only does the way these modes are designated vary from author to author, but in fact, the system Varsànyi uses in his atlas differs from the one he uses in his text. An additional problem arises because some modes have alternate designations. For example, some authors designate benzene mode 13, in which the motion of the substituents is in opposite phase to that in mode 7a, as 7a . In this work, we use the scheme from Varsànyi's atlas. For reference, in an Appendix we have included diagrams of the ring vibrations, numbered according to the Wilson notation, modeled after those given by Brodersen and Langseth (35) .
RESULTS AND DISCUSSION
Ground-State Data
It would be somewhat impractical to describe these assignments band by band, but there are several important points to note. We assume that the most intense peak in the Raman spectrum, in the region between 800 and 900 cm −1 , is the ring "breathing" mode. In para-substituted benzenes, including tyrosine and other para-alkylphenols, a Fermi resonance occurs between the breathing mode and the second overtone of mode 16a (36) . Lord and Siamwiza (37) give the mathematical expression relating the energy difference between the unperturbed modes, the energy difference between the perturbed modes, and the intensity ratio of the Raman bands. From this relation we calculated frequencies for the unperturbed modes 1 and 16a, which are listed, with the notation "Calc.," along with the observed bands. We assigned the OH bend according to the frequency shift it exhibits when the molecule changes between vapor and condensed phases. This behavior is well documented for p-cresol (25, 27) .
Another thing we took into account in making our assignments was the relative variation in frequency of the vibrational modes as the nature of the substituents changes. Some modes exhibit considerable variation and are known as "X-sensitive." For other modes, called "X-insensitive," the frequency remains essentially constant for a variety of substituents. By fitting the frequencies calculated by Gaussian to those observed for the best-known X-insensitive modes, we were able to improve the confidence with which we could make the various assignments. Tables of the calculated vibrational frequencies for tyrosine and of the calculated frequencies for the ring vibrations of the other palkylphenols are presented in an Appendix.
We note here that the R2PI data helped decide the assignment of at least two bands in the ground-state spectrum, which fall at about 1265 and 1330 cm −1 .
R2PI Data
In 1988, Li and Lubman obtained an R2PI spectrum in the origin region for tyrosine (3) . This spectrum showed only a few intense peaks, the most intense being at about 35 624, 35 654, and 35 670 cm −1 . Some time later, Martinez et al. obtained a fluorescence spectrum that clearly showed many more features than appeared in Li's (5). They assigned as origins those bands in this region whose relative intensities did not change with laser power. There were 10 such peaks, and they labeled them A through J, associating each with a different conformer of tyrosine. With the hope of examining the origin region further, and also for the purpose of performing a vibronic analysis for tyrosine, the Lubman group obtained a second spectrum for tyrosine that extended approximately 900 cm −1 to the blue of the origin region (9) . The origin region of this spectrum showed similar features to those in the spectrum of Li and Lubman. We believe that the cooling for the spectra from the Lubman group was insufficient, and that the resulting background obscured many of the spectral bands. Figure 1 shows the LD-R2PI spectrum that we recently obtained for tyrosine in the de Vries group. We have made no correction for variation in the laser power.
The features between about 35 450 and 35 700 cm −1 agree quite well with peaks A through J in Martinez' work. What appears as a low-frequency shoulder on peak E, however, appears in our spectrum as a separate peak. By means of a hole-burning experiment, which we described in our earlier paper mentioned above (6), we found pairs of bands within this region that were associated with each other. We thus found that J is actually not an origin, but rather a low-frequency mode built on origin D. The spacing between these two peaks is 48 cm −1 , which we assign as a torsion of the entire side chain about the bond at the 4-position on the benzene ring. This work confirmed, however, that peaks A through I are indeed origins.
In our earlier paper (6) we also proposed that the pairs of origins separated by about 5 cm −1 belong to conformers of tyrosine that differ only in the orientation of the -OH group on the ring. We thus arrived at a labeling scheme slightly different from that of Martinez, calling peaks A through I, respectively, A, B, B , C, D , F, G, E, and E , with an additional peak, D, 3 cm −1 to the red of D . We continue to use this nomenclature here. The establishment of which peaks in the origin region are truly origins and which arise from torsions greatly increased the confidence with which we could assign the bands in the rest of the spectrum.
In Fig. 1 , we see that the spectrum contains clusters of peaks, the most intense of which appear at the origin and at about 800 cm −1 to higher energy. There are another moderately intense cluster about 1200 cm −1 from the origin and a group of somewhat weaker bands between the first two clusters. If the molecule does not change shape drastically upon excitation, so that the ground state and excited state have the same symmetry, odd overtones of totally symmetric vibrations are allowed, but forbidden for non-totally-symmetric vibrations, and even overtones for non-totally-symmetric vibrations are allowed, but expected to be weak. In such a case, the origin is usually also intense. The lower the symmetry of the molecule, the greater the number of vibrations that contain the totally symmetric representation. While oscillator strengths vary and not all allowed transitions necessarily yield intense bands, this would lead us to expect considerable vibronic activity, and thus a congested spectrum, for a molecule with little or no symmetry. Conversely, we would expect much less vibronic activity, and a much less crowded spectrum, for a molecule possessing high symmetry. Given that the spectrum in Fig. 1 represents, essentially, the overlap of 10 individual spectra, one for each origin, the relative lack of vibronic activity is remarkable, and it shows that despite the presence of the bulky amino acid side chain at the 4-position, the benzene chromophore behaves as if it has retained considerable symmetry. If the ring modes of tyrosine behaved according to C 2v symmetry, we would expect only those vibrations that transformed into the a 1 symmetry species to appear with appreciable intensity. In the frequency range covered by our spectrum, this would include modes 1, 6a, 7a, 9a, 12, 13, and 18a (8) . If the molecule behaved according to C s symmetry, transitions for all in-plane vibrational modes would be allowed, and we might expect, in addition, bands to appear from modes 6b, 9b, 14, 15, and 18b. For C 1 symmetry, of course, all transitions become allowed. Table 2 gives a list of the bands in the spectrum in Fig. 1 , along with our proposed assignments. Each origin band is labeled "X 0 0 ," where X is a letter denoting the conformer from which the given origin arises. The torsions are labeled as "X 0 0 + torsion," where, again, X stands for the origin with which the torsion is associated. All ring vibrations are designated as "n 1 0 ," where n is the number of the corresponding benzene mode in Wilson notation. These designations are preceded by the letter corresponding to the conformer with which the band is associated. Torsions combined with these modes are designated as they are for the origin bands. The numbers in the column labeled "Int." give the intensity of each peak in arbitrary units. These values have not been corrected for background.
As we mentioned above, the spectrum consists of clusters of peaks at certain common distances from the origin bands. On examining the spectrum we found that these clusters fell in essentially the same pattern as the origin bands. We thus found that this apparently large number of peaks really represents only 11 vibrations. This greatly simplified the analysis of the spectrum.
We would expect the most intense features other than the origin bands to be those arising from the ring "breathing" mode, or mode 1, according to Wilson notation. The cluster of intense peaks approximately 800 cm −1 above the origin bands essentially follows the pattern of the origin bands, except that the first four peaks are approximately 810 cm −1 above their respective origins and the latter six are about 802 cm −1 above theirs. These are almost certainly due to the ring breathing mode, and we assign them accordingly. We also note that the frequency of the excited-state vibration is, on average, about 3% lower than that in the ground state. Thus, we would expect the frequencies of other in-plane stretches, at least those involving the ring, to be reduced to about the same extent in the excited state.
About 50 cm −1 above both the origins and the bands from ring breathing appear two other clusters of peaks. We assign these as the torsion of the entire side chain about the bond at the 4-position of the ring. We designate them "chain torsion." There is another, somewhat less intense, group of peaks about 100 cm −1 above origins A, D, D , F, G, E, and E . These are too low in frequency to be bending modes, and we assign them as the torsion of the -COOH group on the side chain.
The next most intense features are those at approximately 1190 and 1280 cm −1 from their respective origins. This region is where we would expect modes 7a and 13 to appear. These are a pair of C-H stretches that become C-X stretches on substitution, and they represent movement of the substituents in opposite phases, 7a being the symmetric stretch, and 13 being the asymmetric stretch. The assignment for mode 7a was straightforward, as these bands are, on average, 1186 cm −1 above their respective origins, which matches very well with the ground-state frequency of 1212 cm −1 , being about 2% lower. The assignment for the other set of bands, however, was slightly more problematic. There are at least three bands that could appear in this region: benzene modes 13 and 14, the "Kekulé" C-C stretch, and the ring -OH in-plane bend. As noted above, we assigned the -OH bend in the ground state according to the work of Jakobsen, and of Green et al. to the band at about 1248 cm −1 . This leaves the bands at approximately 1266 and 1328 cm −1 , which most likely belong to benzene modes 13 and 14. Jakobsen and Brewer (24), on the basis of work by Mair and Hornig (38) and by Mecke and Rossmy (39) , assign the band at 1328 cm −1 to mode 14. They also support this assignment on the basis of an observed decrease in the frequency of this vibration when the spectrum was run for tyrosine in dilute CS 2 solution. Originally, we adopted this assignment for the ground state. Our new R2PI data, however, indicate that this assignment is in error, and, in retrospect, so do the ground-state data. Based on the behavior of the other in-plane modes it is unlikely that the cluster at 1280 cm −1 above the origin could belong to the band at 1266 cm −1 in the groundstate spectra, as this represents a frequency increase of just over 1%. It is more likely that this set of bands is associated with the ground-state vibration at 1328 cm −1 , being lower in frequency by about 4%. Based on symmetry considerations, mode 13 should appear preferentially over mode 14, and we would also expect the change in both dipole and polarizability that occur with mode 13 to be greater than that for mode 14. The band at 1328 cm −1 is considerably more intense in both the IR and Raman than the band at 1266 cm −1 . We therefore assign the ground state band at 1266 cm −1 to benzene mode 14 and the one at 1328 cm −1 to mode 13, and we assign the cluster of peaks in the R2PI spectrum at about 1280 cm −1 above their respective origins to 13 1 0 . We also observe a somewhat weak cluster of bands at about 398 cm −1 from their origins, and another at about 683 cm
above their origins. We assign these also to in-plane bends 6a and 12, respectively. These lie about 7% and 8%, respectively, below the corresponding ground-state frequencies.
The remaining bands that we were able to assign fall in clusters about 264, 436 and 483 cm −1 above their respective origins. These are relatively weak, and we assign them to out-of-plane modes 10b and 16b, with the last cluster corresponding to a combination of 16b and torsion of the side chain. Table 3 lists all the bands we assigned, grouped, as far as was possible, according to cluster, and showing which origin each is associated with and its distance above it. This is thus a table of excited-state vibrational frequencies for tyrosine. From this table, we can see clearly whether or not, or in what way, the frequencies of the different vibrations vary from conformer to conformer. As we noted earlier, with some conformers, the carboxyl group on the amino acid backbone might be able to interact with the phenol ring. If the degree of this interaction were to vary among the different conformers, one might expect this to have a corresponding effect on at least some of the vibrational frequencies.
We do not observe the low-frequency bands that would arise from hydrogen bonding. Exciplex formation, which could result from charge transfer between the side chain and the ring, would most likely change the Franck-Condon overlap to give rise to vibronic progressions, which we also do not observe. We may thus conclude that neither of these processes occurs to any significant extent in the gas phase. This does not, however, rule out some type of inductive interaction between the -COOH group and the π system of the ring, which we would expect to cause a shift in the frequencies of the origins for those conformers in which such an interaction could occur. The redshifted origins we observed in the spectra of di-and tripeptides (6) suggest that this interaction in tyrosine gives rise to a red shift of the absorption. It is therefore tempting to think of the two groups of origins in the R2PI spectrum of tyrosine as belonging to two sets of conformers, the origins to the red corresponding to folded conformers (gauche) and the higherenergy origins corresponding to conformers in which the chain is extended away from the ring (anti). Indeed, several of the vibrational frequencies are distinctly different for the two groups, most notably those for mode 1 and its combination with the chain torsion, mode 16b and its combination with the chain torsion, and mode 10b. As it turns out, the situation is not nearly so simple.
To assign the origins to their respective conformers with confidence, and to determine the exact shapes of the various conformers, it would be necessary to perform jet-cooled microwave spectroscopy and/or the type of analysis that Snoek et al., recently performed for phenylalanine (40) , in which they used a combination of UV hole-burning spectroscopy, resonant IR iondip spectroscopy, rotational band contour analysis, and ab initio calculations to assign the origins in the laser-induced fluorescence (LIF) spectrum of phenylalanine to its various conformers. Nonetheless, by using the results of this analysis for phenylalanine, which differs from tyrosine only in that it lacks a hydroxyl group on the ring, in combination with our earlier work (6), we may at least reasonably conclude which origins correspond to The table gives the origins across the top, the assigned bands in the first two columns, and the frequency difference of each band from its respective origin. 7a  36676  1190  7a  36697  1186  7a  36722  1189  13  36762  1276  13  36785  1274  7a  36789  1185  7a  36793  (1275, 13)  1186  13  36807  1274  7a  36820  1185  7a  36823  1183  13  36877  1273  13  36883  1276  13  36898  1277  13  36904  1276  13  36910  1275  13  36914  1274 gauche structures and which correspond to conformers in which the -COOH group is anti to the ring. The origin region of the LIF spectrum of phenylalanine is quite similar to that of the LIF and R2PI spectra of tyrosine (5, 40) . The peaks are somewhat shifted relative to those in the tyrosine spectrum, and those that are doublets in the tyrosine spectrum because of the hydroxyl splitting, appear as single peaks. Still, there is a rough correspondence between the origins in the two spectra. Based on Snoeck's analysis, and also on the way the origins in the spectrum of ethyltyrosine differ from those for tyrosine (6), we conclude that origins A, C, D, D , and probably also F and G arise from conformers in which the ring and -COOH group are gauche to each other, and that origins B, B , E, and E correspond to anti conformers. In addition, we conclude that the pattern of vibrational frequencies associated with the various origins results from a combination of red-shifting due to interaction of the chain and the ring, and coupling of the chain motion to some of the ring vibrations. Thus, instead of observing a direct correlation between the vibrational frequencies and whether the conformers are anti or gauche, we observe a range of frequencies for each set of conformers, such that they overlap as shown in Table 3 .
CONCLUSION
We have presented here a vibronic assignment for tyrosine, including a ground-state vibrational assignment as well. The relative intensities of the origins, i.e., that they are the most intense peaks in the spectrum, the intensities of the bands arising from the ring "breathing" mode, and the small change in frequency of the in-plane stretches between the ground and excited state, all indicate that tyrosine does not drastically change shape upon electronic excitation, and that it expands slightly. The lack of vibronic activity in the R2PI spectrum shows that the molecule behaves as if the benzene ring retains a high degree of symmetry, even with an -OH group and a rather large side chain at its 1-and 4-positions. Based on the R2PI data, this symmetry could be as high as C 2v . In addition, we assign origins A, C, D, D , F, and G to conformers in which the ring and chain are gauche to each other and origins B, B , E, and E to anti conformers. 
APPENDIX
